Aging and fertility are two interconnected processes. From invertebrates to 24 mammals, absence of the germline increases longevity by a still not fully 25 understood mechanism. We find that loss of function of sul-2, the Caenorhabditis 26 elegans steroid sulfatase (STS), raises the pool of sulfated steroid hormones and 27 increases longevity. This increased longevity requires factors involved in 28 germline-mediated longevity (daf-16, daf-12, kri-1, tcer-1 and daf-36 genes) and is 29 not additive to the longevity of germline-less mutants. Noteworthy, sul-2 30 mutations do not affect fertility. Thus, STS inactivation affects the germline 31 signalling process regulating longevity. Interestingly, sul-2 is only expressed in 32 sensory neurons, suggesting a regulation of germline longevity by environmental 33
cues. We also demonstrate that treatment with the specific STS inhibitor STX64, 34
reproduces the longevity phenotype of sul-2 mutants. Remarkably, STS inhibition 35 by either mutation or drug treatment ameliorates protein aggregation diseases in 36 C. elegans models of Parkinson, Huntington and Alzheimer, as well as Alzheimer 37 disease in a mammalian model. These results open the possibility of reallocating 38 steroid sulfatase inhibitors for the treatment of aging and aging related diseases. 39
Unravelling new elements that govern the genetic control of aging is key to improve our 40 understanding of this intricate biological process and improve human healthspan. To this 41 aim we isolated Caenorhabditis elegans thermotolerant mutants using a previously 42 reported protocol 1 , and identified an allele pv17 of the sul-2 gene, which encodes one of 43 the three members of the C. elegans sulfatase family 2 . Worms carrying either the isolated 44 point mutation (pv17) or the null allele (gk187) of sul-2 live longer than wild type ( Table 1 ) and enhances the development phenotypes of mutants in the insulin/insulin like 47 growth factor (IGF) receptor daf-2 (Extended Data Fig. 1d-f ), which were used for gene 48 mapping and identification. The pv17 allele introduces a single amino acid substitution 49 (G46D) resulting in a loss of function phenotype. The curated sequence slightly differs 50 from the one published 3 (Extended Data Fig. 2) . 51
Sulfatases are a large protein family involved in different biological processes and affect 52 a wide range of substrates. The placement of curated sul-2 in the sulfatases phylogenetic 53 tree is uncertain, but when compared to mammalian sulfatases, sul-2 clusters closer to 54 the Arylsulfatases type H, F, E, D and the steroid sulfatase type C (Fig. 1c ) that probably 55 originated from a common ancestor gene 2 . We hypothesized that sul-2 may exert its 56 activity by modifying sulfated steroid hormones. Steroid hormone sulfatases are 57 conserved proteins that participate, among other processes, stimulating proliferation in 58 hormone-depending cancers 4 . Specific inhibitors for this type of enzymes have been 59 generated, such as STX64 5 , which has been used to treat patients with hormone-60 dependending cancers 6 . We treated wild type animals with STX64 and observed an 61 increase of longevity ( Fig. 1d and Extended Data Fig. 3a ). STX64 also phenocopies other 62 sul-2 mutant phenotypes (below and Extended Data Fig. 3b ). STX64 does not further 63 increase the longevity of sul-2 deletion mutants, suggesting that the mechanism by which 64 STX64 increases longevity is by inhibiting the sulfatase activity of SUL-2 (Fig. 1d) . 65
In mammals, sulfated hormones have been long considered inactive forms that function 66 mainly as reservoir and are activated by steroid sulfatases 4 , although a direct action of 67 sulfated hormones in the nervous and reproductive system has been observed 7, 8 .
68
Consequently, humans with STS deficiency show an increased blood levels of most 69 sulfated steroids species 9 . We measured steroid hormones by a high-resolution HPLC-70 TOF-MS in sul-2 mutants and found a higher proportion of sulfated hormones in this 71 strain as compared to wild type worms ( Fig. 1e and Extended Data Table 1 ). All these 72 data suggest that SUL-2 can act as a steroid hormones sulfatase and regulate longevity 73 through the alteration of the sulfated state of one or several steroid hormones. 74
To investigate if sul-2 acts in a known longevity pathway, we performed genetic 75 interaction studies with alleles that affect longevity. Mutations in the IGF receptor daf-2 76 increase lifespan and this longevity requires the transcription factor DAF-16/FOXO
10
. sul-77 2 mutations further extend the lifespan of daf-2 reduction of function mutants ( Fig. 2a  78 and Extended Data Fig. 4a-b) , suggesting that sul-2 acts in a different pathway to 79 regulate longevity. However, the increased longevity of sul-2 mutants is mainly 80 suppressed by DAF-16 loss-of-function (Fig. 2b) . Longevity conferred by lack of germline 81 also requires DAF-16 10, 11 , which translocates to the nuclei mainly in intestinal cells 8 .
82
However, in insulin signalling mutants, DAF-16 localises to the nucleus of most cells 12 .
83
In sul-2 mutants, DAF-16 localises predominantly to intestinal nuclei (Extended Data Fig.  84 5a-b), suggesting a role for sul-2 in germline-mediated longevity. . Therefore, DAF-36 is also needed for the 103 increased longevity of germline-less animals 20 . Similarly, DAF-36 is required for the 104 longevity conferred by the steroid sulfatase inhibitor STX64 (Fig. 2i) placing the signal 105 generated by sulfated steroid hormones upstream of the biosynthesis of DAs. 106
We have studied the anatomical location of sul-2 expression in extrachromosomal array 107 and single-copy insertion transgenic strains. We found that sul-2 is expressed only in a 108 few sensory neurons, mainly in the amphids ADF and ASE, and no detectable 109 expression in germline were observed in any transgenic strains ( Fig. 2j . Consistently, sul-2 mutation and STX64 treatment delayed 139 paralysis ( Fig. 3g-h ). All these data show that inhibition of sul-2 protects against aging 140 related proteotoxicity in the nematode. 141
As STX64 ameliorated neurodegeneration in C. elegans models, we tested the effect of 142 this drug on cognitive alterations provoked by intrahippocampal oligomers infusion, 143
an acute AD mammalian model (Fig. 4a) (DEHP-d4) were introduced into the extract. The sample was then sonicated in an 397 ultrasonic bath for 5 min, left overnight at room temperature and centrifugated at 3000 g 398 for 5 min. The organic phase was collected and the rest of the extract residue washed 399 again with 5 ml of methanol containing 1% acetic acid and centrifuged. The two organic 400 phases were pooled and evaporated to dryness at 40 °C under a gentle stream of 401 nitrogen, taken up in 1 ml of acetonitrile. The sample was purified by vortex-mixing for 1 402 min and centrifuged at 10.000 × g for 10 min. The supernatant was transferred to another 403 1.5 mL Eppendorf tube and evaporated to dryness under nitrogen atmosphere at 40 °C. Mice local drug infusion. Mice were anesthetized with 4% chloral hydrate (10 µL/kg of 520 body weight, i.p.) and when fully anesthetized, they were situated in a stereotactic frame. 521 -522
were injected bilaterally into the dorsal hippocampus of the mice at the following 523 stereotactic coordinates: AP = -2.2 mm, ML = ±1.5 mm, V = -1.5 mm from the Bregma.
524
The mice were then allowed to recover for at least 15 days. Those mice that received 525 also STX64, 20 minutes 526 527 528 and left in place for 2.5 min following infusion. allele is a missense mutation that changes the glycine indicated with asterisk to an aspartic acid residue. The mutation is located close to an evolutionary constrained region (ECR) , indicated with the bar at the bottom and also near to the catalytic core of sulfatases (in green). b, The DNA sequence we identified in the wild type sul-2 differs to the one published in wormbase (SUL-2_wormbase) and identified as orthologue to ARSA (http://www.wormbase.org), this sequence misses 459 bp, also described recently by Li et al. (2015) and predicted as part of an new exon [wormbase_170818 gw3] based on RNAseq data (SUL-2_modified). The protein sequence obtained by cDNA sequencing of yk387h10 clone (SUL-2_cu-rated) differs to the one predicted in three aminoacids (in bold). Notice that the three aminoacids identified in this sequence are present also in other species (CRE: C. remanei, CBR: C. brigssae). c, Exon intron composition of wild type sul-2 and region deleted in the gk187 allele (in red). The mutant lesion is available at wormbase(http://www.worm-base.org/species/c_elegans/variation/WBVar00145594#02-45-3). This allele deletes the sequence that encodes to the catalytic core of sulfatases (in green) and generates a frame shift, conserving only the four first aminoacids of the original sequence; therefore we considere gk187 a null allele. The pv17 allele location is indicated with asterisk, the new DNA fragment indentified in yellow and the new exon in purple. . ii) There is not specific signals in vulva, embryos or proliferative germline zone. iii) There is not specific signals in gonad or mature oocytes. iv) In the tail, there is not significant signals in phasmids. Scale bar 50 c, sul-2 mutants Data from three independent replicates. d, sul-2 to wild type. tax-4(p678) is a negative control. Data from three independent replicates. In all graphs Mean±SEM are displayed. e, sul-2 deletion enhances longevity of the long-lived daf-10(m79) mutant, which is affected in sensory neurons. Statistics of longevity curves are shown in Supplementary Table 1 . Somatic gonads generate a signal to increase longevity through the activation of the nuclear receptor DAF-12. This signal is inhibited by the germline. We propose that one or a pool of unidentified steroid hormones mediate this inhibiting signaling which remarkably is independent of the reproductive function. This steroid hormone can be inactivated by sulfation and activated back by the activity of the steroid sulfatase SUL-2, although we can not rule out the possibility that sulfated steroid hormones can have a prolongevity activity. The fact that sul-2 is expressed in sensory neurons suggests that the sulfated state of these steroid hormones can be regulated by environmental signals. The reduction of sul-2 activity either by mutation or by STX64 treatment unbalances the level of sulfated hormones, probably reducing level of non-sulfated hormones and increasing sulfated hormones, this results in an increase of longevity and also an increase level of proteostasis, not only in C. elegans but also in mammals.
